Films by sol-gel processes by Schmidt, Helmut K.
S m  1 9 B B / B
Societä ltaliana Vetro
l N t v t  R s l l  A  t l l . < ; t  s l t t t l t
I  A ( ) l r l l  A
PROCEEDINGS OF THE
EUROPEAN MEETING
L ' A q u  i l a
5  -  I  S e t t e m b r e  1 9 B B
A L r l a  M a g n a  d e l l ' U n i v e r s i t ä
COMETT
Conrmun i t y  Ac t ion  Programme fo r  Edr rca t ion
and  Tra in ing  fo r  Techno log ,y
INORGANIC OATINGS
ON GLASS
Edited by
P.  P icozz i  and  S .  San tucc i  -  Ur t i ve rs i t y
P .  B o a t t i n i ,  L .  M a s s a r e l l i  a n c l  V .  S c o p a
o f  L ' A c l r r i l a
-  S o c i e t a  l t a l i e r r r a  V e t r o  ( S l V )
Sm t98B/B
FILMS BY SOL-GEL PROCESSES
H .  S c h m i d t
F raunltofer- l  nst i tul  fur Si l icatforschun g,
Würzburg, Fed. ReP. Germany
Abs t ra  c t
T h e  s o l - g e l  p r o c e s s  i s  a  m e t h o d  f o r  t h e  p r e p a r a t i o n  o f  i n o r g a -
n i c  m a t e r i a l s  a n d  o r g a n i c a l l y  m o d i f i e d  c e r a m i c s  b y  
" s o f t "  c h e r n i -
s t r y .  T h e  p o s s i b i l i t y  o f  a d j u s t i n g  t h e  r h e o l o g y  o f  i n t e r m e d i a t e s  l e a -
c l s  t o  p r o d u c t s  f o r  c o a t i n g  p r o c e d u r e s .  A s  c o a t i n g  t e c h n i q u e s  d i p ,
s p i n - o n ,  s p r a y ,  r o l l ,  a n c l  o t h e r s  a r e  p o s s i b l e .  D i f  f  e r e n t  a p p l i c a t i o n s
f o r  g l a s s e s  a r e  p o s s i b l e :  t o  i n r p r o v e  t h e  s u r f a c e  p r o p e r t i e s  o f
g l a s s  ( e . g .  s t r e n g t h )  a n d  t o  g e n e r a t e  s p e c i a l  e f f e c t s  o r  f u n c t i o n s
i o p t i c a l ,  c h e m i c a l  r e a c t i v i t y ,  s e n s i t i v e ,  p r o t e c t i v e ,  a n d  o t h e r s ) .  A
g e n e r a l  s L r r v e y  o v e r  c o a t i n g  p r o b l e m s  i s  g i v e n  a n d  s o m e  s p e c i a l
a p p l i c a t i o n s  a r e  d i s c u s s e d .
1  I N T R O D U C T I O N
I n  m a n y  c a s e s ,  t l r e  s L J r f a c e  p l a y s  a n  i r n p o r t a n t  r o l e  f o r  t l t e  o v e -
r a l l  p e r f o m a n c e ' o f  m a t e r i a l s .  A p p r o p r i a t e  c o a t i n g s ,  f o r  i n s t a n c e ,
c a l  s u p p l y  s p e c i a l  p r o p e r t i e s  t o  a  c o n r p o n e n t  w l r i c h  t h e  b t r l k  m a -
t e r i a l  d o e s  n o t  s , l r o w .  T h e r e  a r e  n u m e r o u s  e x a m p l e s .  M a n y  m e t a l s
reqL l i r e  co r ros ion  p ro tec t i ve  coa t i ngs  i f  app l i ed  r rnde r  a tmosp l re r i c
c o n d i t i o n s :  s t e e l ,  c O p p e r ,  b r a S S ,  o r  a l u m i n  u n r .  T o  i m p r o v e  s u r f  a c e
harc lness  an t i -ab ras i ve  coa t i ngs  a re  app l i ed  o r r  me ta l s ,  on  po l y -
m e r s  ( w h i c h  i s  c l i f f i c u l t  i n  n r o s t  c a s e s ) ,  o n  w o o d ,  a n c l  o n  g l a s s  a n d
c e r a m i c  m a t e r i a l s ,  t o o .  O t l r e r  c o a t i n g s  c a n  a c l d  s p e c i a l  f u n c t i o n s
t o  c o m p o n e n t s  ( e .  g .  i m m o b i l i z a t i o n  o f  e n z y n r e s  o n  s o l i d  s u r f a c e s ;
spec ia l  ac l so rp t i ve  f f ec t s ,  spec ia l  op t i ca l  e f fec ts ,  co loL l r s ,  re f l ec -
t i o n  b e l r a v i o r  o r  s p e c i a l  e l e c t r i c a l  e f f e c t s  l i k e  r e s i s t i v i t y  o r  c o n -
c l u c t i v i t y ) .  O n e  c a n  s a y  t l r a t  f o r  m a n y  c a s e s  t h e  p r o p e r t i e s  o f  n r a -
t e r i a l s  i s  m a i n l y  c l e t e r m i n e d  b y  t h e i r  s t t r f a c e '
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TS is  i s  a t  l eas t  pa r t i a l l y  t r ue  f o r  g l asses ,  t oo .  F i r s t ,  t he  mecha -
n i ca l  s t r eng th  i s  de te rm ined  by  t he  s ta te  o f  t he  g lass  su r face .  Se -
cond,  op t ica l  p roper t ies  ( re f lec t i v i t y ,  t ransparency ,  se lec t i ve  t ran- '
smiss ion  or  absorp t ion  fo r  e lec t romagnet ic  rad ia t ion)  have to  be
adapted  to  spec ia l  p rac t ica l  requ i rements .  Th i rd ,  chemica l  durab i -
l i t y  i s  necessa ry  t o  be  imp roved ,  i f i nd i spens ib l e  bu l k  p rope r t i es
resu l t  in  low chemica l  durab i l i t y  g lasses .  Four th ,  spec ia l  sur face
reac t iv i t ies  must  be  c rea ted  fo r  spec ia l  purposes ,  l i ke  coup l ing
group ings  fo r  g lass  car r ie r  based enzyme reac tors  o r  sens i t i ve  la -
yers  fo r  in tegra ted  or  f iber  op t ic  based sensors .  Th is  summary
does  no t  c l a im  to  be  a  comp le te  one ,  bu t  i t  i l l u s t ra tes  t he  scope  o f
t he  va r i e t y  o f  poss ib l e  coa t i ng  app l i ca t i ons  on  g lass  su r faces .
D i f f e ren t  t echn iques  a re  ava i l ab le  f o r  coa t i ng  o f  g l ass .  l n  mos t
cases ,  due  t o  t he  des i red  op t i ca l  pe r fo rn tance  and  t he  t r anspa -
rency  o f  g l ass ,  t hese  coa t i ngs  necessa r i l y  n tus t  no t  r ed l t ce  t l t i s
pe r fo rmance .  Tha t  means ,  h i gh  l eve l  coa t i ng  t echn iques  have  t o
be  app l i ed  and  app rop r i a te  c l ean  cond i t i on  ( vacuum,  c l ean  rooms)
nrus t  be  employed.
Two  ma jo r  g roups  o f  coa t i ng  t echn iques  a re  LJsed :  vacuum te -
chn iques  and  "We t "  t echn iques .  VacUUm techn iques  Can  USe  a
va r i e t y  o f  d i f f e ren t  depos i t i on  p rocesses .  Gene ra l l y ,  t he  f i l n t  f o r -
ma t i on  i s  cha rac te r i zed  by  an  i so t rop i c  g row th  o f  c r ys ta l s  o r
amorphous  pa r t i c l es ,  and ,  i n  o rde r  t o  rece i ve  op t i ca l l y  su f f i c i en t
c lua l i t y ,  par t i c le  o r  c rys ta l  s ize  have to  be  cont ro l led  very  thoror - l -
gh l y .D i f f e re r r t  t ypes  o f  ma te r i a l s  can  be  depos i t ecJ  (me ta l s ,  ox i -
des ,  non -ox ide  i no rgan i c  ompounds ,  and ,  w i t h  res t r i c t i ons ,  o rga -
n i c  ma te r i a l s ) ,  T l r e  we t  p rocesses  i nc lude  o rgan i c  po l ymer  f i l n r s ,
me ta l  c l epos i t i on  by  e lec t ro l y t i c  p rocesses ,  and  so l -ge l  t echn i -
qL les .  They  a re  cha rac te r i zed  by  t he  f ac t ,  t l r a t  t he  coa t i ng  ma te r i a l
has  t o  be  p repa red  i n  a  l i qu id  f o rm  ( so lu t i on ,  suspens ion )  anc l
(excep t  e l ec t ro l ys i s )  t ha t  by  an  add i t i ona l  t r ea t rnen t ,  t he  coa t i r r g
a f t e r  c l epos i t i on  has  t o  be  d r i ed ,  ha rde r ted ,  dens i f i ed ,  o r  p l r ase
t rans fo rn red  i n o rde r  t o  c rea te  t he  des i red  p rope r t i es .
2 .  BASIC  FEATURES OF  SOL .GEL  F ILM FORMATION
2 .1  So l -Ge l  Techn iques
The  so l -ge l  p rocess  desc r i bes  t he  f o rma t i on  o f  an  i no rgan i c
po l ymer i c  ne two rk  by  " so f t " ,  t ha t  means  l ow  tempera tu re  chemi -
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s t r y  ( 1 )  P recu rso rs  can  be  a l kox ides  (2 ) ,  so lub le  ox ides  (3 ) ,  sa l -
ts ,  complexes  (4 ) ,  o l igomer ic  (e .  g .  inorgan ic  po lyan ions  or  po ly -
ca t i ons )  o r  co l l o i da l  ( e .  g . co l l o i da l  s i l i ca )  componen ts .  The  ne -
twork  fo rming  s tep  is  t l re  condensat ion  o f  hydrox ides  w i th  o ther
g r o " u p i n g s l )  
= M e o H + X M e ' = * = M e - o - M e ' = - r l J X  1 )
w i t h  X  =  € .  g .  OH,  OR,  NHr ,  ha logen ,  ac ry l a te .
The  p rocess  goes  t h rough  a  co l l o i da l  ( so l )  phase  and  gene ra l -
l y  ends  i n  a  so l i d  ( a t  l eas t  d i phas i c  ge l )  phase .  Due  to  t he  t h ree -
c l imens iona l  c ross l ink ing ,  the  ge ls ;  a re  b r i t t le  and porous .  Dry ing
resu l t s  i n  s t r esses ,  wh i ch  may  l ead  t o  c racks ,  i f  no  spec ia l  mea -
su remen ts  a re  app l i ed  (5 ) .  l f  a l kox ides  as  s ta r t i ng  ma te r i a l s  a re
usec l ,  a hyd ro l ys i s  p rocess  2 )  t akes  p lace .
=S i (OR)  +  HzO - '  =S iOH +  HOF
Whereas  S i (OR)n  i s  a  s l ow  reac t i ng  es te r ,  o the rs  reac t  f a r  qu i -
cke r  ( 8 ,  A l ,  T i ,  Z r ,  a l ka l i ne  and  ea r th  a l ka l i ne  compounds ) .
Du r i ng  hyd ro l ys i s  ancJ  condensa t i on ,  su r f ace  t ens ion  and  we t t i ng
behav iour  may change c lue  to  the  nu tnber  o f  hydrophob ic  o r  hy-
d roph i l i c  g roup ing  o f  t he  g row ing  po l ymer  3 )
o R  o l l  o l l  o
f r l / \ 3 )
-  O  -  S i  S i  -  O  -  S i  - - -  - )  s i  S i
ö n  , i ' ,  ö r r  
/ r \  / r \
h y c l r o p h o b  i  c - - +  h y d r o p h i l i c - J s I i g h t I y
t r y d r o p l r o b i c
Own contac t  ang le  measurements  o f  a  f  resh ly  p repared N arO/
/82O3 lS iO2  so l  shows  a  dec rease  and  a f t e r  some  hou rs  an  i n -
c rease  o f  t he  con tac t  ang le  t o  c l ean  g lass  s t t r f aces ,  unde r l i n i ng
the  hypo thes i s  shown  i n  3 ) .  The  s t ruc tu re  o f  t he  o l i gomer i c
coat ing  l iqu ic ls  can be  cont ro l led  by  d i f fe ren t  chemica l  means.  The
s i l i ca  sys tem has  been inves t iga ted  in  de ta i l  by  d i f fe ren t  au thors
(6-15)  anc l  the  s t r r - rc tu ra l  e f fec t  be tween ac id  and bas ic  ca ta lys is
has  been  po in ted  ou t .  S im i l a r  s t r uc tu ra l  i nves t i ga t i ons  o f  mu l t i -
component  o r  qu ick  reac t ing  sys tems have no t  been car r ied  ou t
c lue  to  exper imenta l  c l i f f i cu l t ies .  A  lo t  o f  cJa ta  on  a l l<ox ic le  comple-
xes  is  ava i lab le  f rom work  cJone by  Brad ley  anc l  Mehro t ra  (16)  bu t
they  c l id  no t  inves t iga te  the  condensat ion  processes  and s t ruc t t l -
res  o f  the  resu l t ing  po lymers .  The chemis t ry  o f  these reac t ions  is
2 )
O R
I
S i
I
O R
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s t i l l  no t  ve ry  we l l - known .  Fo r  t he  p repa ra t i on  o f  coa t i ng  l i qu ids ,
t he  condensa t i on  has  t o  be  s topped  a t  a  we l l  de f i ned  l eve l  i n  o r -
der  to  es tab l i sh  an  adequate  v iscos i ty .
The fo l low ing  in f luenc ing  parameters  a re  impor tan t  fo r  syn the-
s is  and proPer ty  cont ro l :
so lve  n  t
ca ta  l ys t
ca t . ions /an ions
add i t i ves
f l ow  agen ts
compos i t i on
a l l  m e n t i o n e d
pa rame te rs
(hyd ro l ys i s  and  reac t i on  ra te ,  s t r uc tu re ,  r heo -
logy ,  fi lm fo rmat ion)
( reac t i on  ra tes ,  s t r uc tu re ,  H ' ,  OH- :  equ i l i -
b r i um,  s tab i l i t y  o f  comP lexes )
( reac t i on  ra tes ,  s t r uc tu res ,  comp lexes )
( f i lm  f o rma t i on ,  d r y i ng  behav iou r ,  dens i f i ca -
t  i on  behav io r )
( f i lm  f o rma t i on )
( ra tes ,  r heo logy ,  f i lm  f o rm ,  dens i f i ca t i on ,  c r y -
s ta l l i za t i on  )
(d r y i ng ,  c rack  f o rma t i on ,  dens i f i ca t i on ,  adhe -
s ion ,  fi na l  p roPe r t i es ) .
These  pa rame te rs  have  t o  be  op t im i zed  f o r  each  s i ng le  sy -
s tem.  I n  many  cases ,  t he  sys tems  can  be  s tab i l i zed  by  add i t i on  o f
ac ids ,  wh i ch  can  p reven t  ge la t i on  due  t o  t he  ze ta  po ten t i a l  o f  t he
sys tem (e .  g .  a l um ina ) .  The  d i sadvan tage  o f t he  pa rame te r  va r i e t y
i s  ove rcompensa tecJ  by  t he  poss ib i l i t y  o f  p rope r  t a i l o r i ng  espec ia l -
l y  w i t h  respec t  t o  mu l t i componen t  sys tems .  Exac t  s to i ch iome t r i c
con t ro l  o f  compos i t i on  w i t h  an  a lmos t  un l im i t ed  number  o f  compo-
nen ts  can  be  ob ta ined .  Spec ia l  advan tages  resu l t  f r om the  f ac t
t ha t  l ow  concen t ra t i on  componen ts  can  be  d i s t r i bu ted  l t omoge -
neous l y .  So l -ge l  coa t i ngs  resu l t  i n  smoo t l t ,  dense  f i lms ,  i f  app l i ed
co r rec t  l y .
2 .2 .  F i lm fo rmat ion
As  a l r eady  po in ted  ou t  i n  t he  i n t r oduc t i on ,  t he  so l -ge l  p rocess
wi th  a  pure ly  inorgan ic  ne twork  leads  to  b r i t t le  ge ls  wh ich  are  no t
dense.  l f  t ime dose no t  p lay  any  ro le ,  very  s low condensat ion  pro-
cesses  can  l ead  t o  ra the r  dens i f i ed  ma te r i a l s ,  as  shown  by  t he  h i -
s to ry  o f  the  L ibyan deser t  g lasses  ( fu l l y  dense S iO,  so l -ge l  g las-
s e s  a t  T S  1 3 5  ' C ;  t  =  S € V e I a l  m i l l i o n  y e a r s )  b y  E b e l m e n  ( 1 7 )  w h o
a f t e r  s o m e  m o n t h s  g e l a t i o n  a n d  d r y i n g  r e c e i v e d  S i O r ' l l 2 O  w i t h
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Q = 1 .86  g  /cm2 wh ich  is  ra ther  h igh  fo r  room tempera ture  dry ing .
Dur ing  dry ing ,  s t resses  can appear  s ince  in te r fac ia l  fo rces  can
encJ  up  in  loca l i zed  tens ions  and,  as  a  resu l t ,  c rack ing  occurs  ( f i -
gu res  1 ,  2 ,  and  3 )  ( 18 ) .  The  cäp i l l a r y  p ressu re  p  depends  on  t he
sur f  ace  tens ion  Y and the  pore  d iameter  ( f  igure  1  ) .
o .  de f i nes  t he  he igh t  o  wh i ch  a  l i qu id  can  r i se  aga ins t  g rav i t y .
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o,  causes  loca l  tens ions  in  the  fo rm o f  a  r ing  aro l rnd  a  pore  ( f i -
gure  2)  and t r ies  to  nar row the  pore .  As  long as  t l te  mater ia l  can
fo l low the  tens ion ,  a  p las t i c  de format ion  and c rack f ree  shr ink ing
can  take  p lace .  S in6e ,  i n  gene ra l ,  i n  ge l s  ne i t he r  po re  shape  no r
pore  d iamenters  a re  cons tan t ,  a  tens ion  zone w i l l  be  fo rmecJ
c lu r ing  the  dry ing  process  mov ing  s lowly  th ro t rgh t  he  mater ia l  ( f i -
gu re  3 )
ö
F i g u r e  2  -  E l f e c t  o f  i n t e r l a c i a l  t e n s i o n  o n  p o r e  d e f o r n t a l i o n
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F i g u r o  3  -  D e v e l o p m e n l  o f  l e n s i o n  z o n e  d u r i n g  c l r y t n q
T h e  t e n s i o n  d e p e n d s  o n  t h e  p o r e  r a d i u s  a n d  t h e  i n t e r a c t i o n  b e -
t w e e n  t h e  l i q u i d  a n d  t h e  p o r e  w a l l .  F o r  a  g l a s s  s u r f a c e  ( g o o d
w e t t i n g ,  C o n t a c t  a n g l e  1 0 " )  a n d  a n  a S S U m e d  p o r e  r a d i u s  r  =  5 ' 1 0 ' e
m ,  d ,  =  5 . 0 5  M P a .  F o r  (  =  1 0 ' 1 0 ' e  l r l ,  o r  - - 2 . 5 7  M P a .
S i n c e  t h e  m e c h a n i c a l  s t r e n g t h  i n  g e l s  i n  g e n e r a l  i s  l a r  l o w e r ,
c r a c k i n g  t a k e s  p l a c e ,  i f  t h e  c o a t i n g s  a r e  t h i c k e r  t l r a n  s e v e r a l  m i -
c r o m e t e r s .  \ l / i t h  t h i n  c o a t i n g s ,  u n i d i r e c t i o n a l  d e n s i f i c a t i o n  b e h a -
v i o r  i s  o b s e r v e d  ( f  i g u r e  4  ) .  T h i s  i s  p r o b a b l y  d u e  t o  a  d i f  f  e r e n t
s t r u c t u r e  o f  t h e  g e l s "  B r i n k e r  ( 1 9 )  d e v e l o p e d  a  h y p o t h e s i s  w h i c h
p o s t u l a t e s  a  d e n s i f i c a t i o n  m e c h a n i s m s  d u r i n g  t h e  d r a w i n g  p r o -
c e s s  o f  a  c l i p  c o a t i n g  p r o c e d u r e  ( f i g u r e  5 )  c a u s e d  b y  s h e a r  s t r e s -
s e s .  A s  a  m a t t e r  o f  f a c t ,  t h e  r o o m  t e m p e r a t u r e  d r i e d  g e l  c o a t i n g s
s h o w  f a r  l e s s  p o r o s i t y  t h a n  b u l k  m a t e r i a l s  o b t a i n e d  f r o m  t h e  s a m e
s o l s .  l t  i s  u n d e r s t a n d a b l e ,  t h a t  t l r e  d e n s i f y i n g  a n d  d r a i n a g e  z o n e  i s
o f  l i m i t e d  t h i c k n e s s  a n c J  t h e  e f f e c t  c J e c r e a s e s  w i t h  i n c r e a s i n g  f i l m
t h i c k n e s s  a n d  v i s c o s i t Y .
porous  ge l
/
/T
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F i g u r e  4  -  D e n s i f i c a t i o n  b e h a v i o r  o f  l h i r r  f  i l m s
d e n s i f y i n g  z o n e
\
b o c k  r u n n i n g  \ s u b s t r o t e
f  i q u i d  f  i l m  !
s o l  p o r  l i c l e s
c o o t i n g  l i q u i d
F i g u r e  5  -  D e n s i f y i r t g l  p r o c e s s  d t r r i r t q  d i p  c o a l t n q l
Tl re  so l -ge l  p rocess  a l lows to  p repare  coat ing  l iqu ids  w i th  de-
s i r ed  v i scos i t i es  and  t o  app l y  t hese  l i qu ids  by  use  o f  common
coa t i ng  t echn iques .  The  f o l l ow ing  t echn iques  can  be  used :  sp ray
coa t i ng ,  r o l l  coa t i ng ,  d i p  coa t i ng ,  sp in -on  coa t i ng ,  and  mod i f i ca -
t ions  o f  each.  Wi th  spray  coat ing  and ro l l  coa t ing  i t  i s  d i f f i cu l t  o
rece ive  smooth  sur faces  w i t l r  op t ica l  qua l i t ies ;  the  use  o f  add i t i -
ves  and an  op t im ized combina t ion  o f  so lver r t  i s  necessary .  Sp in -
on  and  d ip  coa t i ng  gene ra l l y  r esu l t  i n  h i gh  su r face  qua l i t y  bu t
rheo log ica l  da ta  have to  be  cont ro l led  very  thorough ly ,  too '
W i th  d i p  coa t i ng  t he  f i lm  t h i ckness  depends  s t rong l y  on  v i sco -
s i t y .  Fo r  l ow  v i scos i t i es  (N . (  <  10  n ) ,  Landau  and  Lev i ch  (20 )  had
been  ab le  t o  es t ima te  t he  coa t i ng  t h i ckness  as  4 )
A s  =  ^ . " 1 / 6  ( H l r / 2 , n ' v=c c 4 )
A Q=  f  i lm  t h i ckness ;  Q  =  dens i t y  o f  t he  coa t i ng  so lu t i on ;  g  =  g rav i t a -
t iona l  cons tan t ;  ö=  sur face  tens ion ,  V  =  l i f t ing  speed ' ,  r l=  v iscos i ty
(mPa 's ) ;  k =  cors tan t ;  N .  =  caPi l la ry  number '
In  f igure  6  ca lcu la t ions  accorc l ing  to  3 )  a re  comparec l  w i th  v i -
scos i ty  measurements .  The sys tem is  a  sod ium boros i l i ca te  g lass
w i th  B0  % S iOz ,  15  o /oBzO:  änd  5  % NazO (w t . -%) .K  was  de te r -
minec l  as  0 .055.  The agreement  i s  very  good '
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F i g u r e  6  -  C o m p a r i s o n  b e t w e e n  c a l c u l a t e d  ( f u l l  l i n e s )  a n d  m e a s u r e d  ( s y r n t - r o l s )  f i l r n  l h i c k n e s s e s
f o r  a  N a r O / 8 2 O , / S r O ,  s o l - g e l  c o a l i n g  [ 2 1 1 .
The so l -ge l  p rocess ,  in  add i t ion  to  the  prepara t ion  o f  pL t re  inor -
gan i c  coa t i ngs  enab les  t he  i n t r oduc t i on  o f  o rgan i cs  i n to  i no rgan i c
ne two rks  acco rd ing  t o  5 ) ,
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z .  B .  - N I I 2 ,  - C I i O ,  - C O O I I  ,  \ / i n y I ,  E p o x y ,  l ' l e t l r a c r y l a t
and mod i f ied  g lass  s t ruc tu res  can be  syn t l res ized ( figLr re  7 ) .
Due to  the  decreased ne twork  connect iv i t y ,  these mod i f iec l
g lasses  (ORMOCERs = organ ica l l y  mocJ i f ied  ceramics)  show an
increased re laxa t ion  behav io r  anc l  can  be  dens i f iecJ  to th icker  la -
Yers  w i thout  c rack ing  (1  8 ,22 \ .
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F l g u r o  7  -  O r g a n i c a l l y n r o d r f r e d g l a s s  s t r u c l r u e s :  O =  S i ;  o = O  ( l o t r r l h  b o n d o f  S i  b e n e a l h o r  a b o v e
c l r a w i n g  p l a n e  a l  o r g a n i c  n e l w o r k  m o d i f i e r s :  b )  o r g a n i c  n e l w o r k  l o r n t e r s :  c )
i n t e r p e n e l r a l i n g  n e l w o r k  w r t h  o r g a n i c  n e t w o r k  f o r m e r .
3 .  EXAMPLES
3 . ' t  G lass  S t reng then ing
The  poo r  s teng th  o f  g l ass  i s  an  r rn fo r t una te  con ' l b i r r a t i on  f  i t s
b r i t t l eness  and  t he  l ack  o f  su r f ace  pe r fec tness .  C rack  o r  f l aws  a re
g row ing  unde r  ce r ta i n  l oad  due  t o  t he  l ack  o f  t he  ab i l i t y  o f  p l as t i c
de fo rma t i on  and  s t ress  ene rgy  d i ss i pa t i on .  T l r e  l t omogene i t y  l ea -
ds  t o  a  s teady  c rack  g row th  a long  t he  d i r ec t i on  gove rned  by  t en -
s i on ;  t he  c rack  canno t  be  de f l ec ted  by  m ic ros t rL l c tu res  l i ke  i n  ce -
r a m i c  m a t e r i a l s .  S u r f a c e  c o m p r e s s i v e  s t r e s s ,  e . g . b y  i o r r  e x c h a n -
ge ,  l eacJs  t o  a  remarkab le  i nc rease  o f  s t r eng th  as  we l l  as  t he rmo-
shock  t rea tment ,  s ince  the  e f fec t  o f  f laws is  rec lL tced.  Anot t re r
c o n c e p t  c o u l d  b e  t o  h e a l  t h e  f l a w s ,  e .  g .  b y  s o l - g e l  c o a t i n g . A  s e -
r ies  o f  sys temat ic  inves t iga t ions  has  been car r ied  o t t t  w i th  c l i f fe -
ren t  so l - ge l  coa t i ngs  (21 ) .The  va r i a t i on  o f  t he  t he rma l  expans ion
coe f f i c i en t  l eac l s  t o  coa t i ngs  w i t h  t ens i l e  s t r ess ,  no  s t ress  anc l
compress i ve  s t ress  on  t he  g lass  su r face  a f t e r  c l ens i f i ca t i on .  As
coa t i ngs ,  NazO/S iO2  and  Na rO /B2O3 /A l  ,O t /S iO2  sys tems  we re
usecJ .  I n  f i gu res  B  and  9 ,  t he  resu l t s  o f  t t r ese  coa t i ngs  on  g lass
rods  is  shown.  F igure  B shows the  e f fec t  o f  non-compress ive
coat ings ,  leac l ing  up  to  a  70  % s t rength  i r rc rease by  f law hea l ing
on ly .  F igure  I  shows conrpress ive  s t ra in  coat ings  lead ing  to
s t rength  inc reases  o f  a l rnos t  300 o /o  a f te r  mu l t ip le  coat ing .  Th is
means tha t  f law hea l ing  anc l  compress ive  s t ress  are  inc reas ing
s t reng th .  S ince  p rocedu res  a re  no t  ye t  op t im i zed ,  t he re  i s  s t i l l
more  po ten t ia l .  So l -ge l  Coat ings  can be  usec l  as  an  easy  way to
i nc rease  s t reng th .
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F i g u r e  8  -  S t r e n g t h  d i s t r i b u t i o n  o f  s o d i u m
a l u r n o b o r o s i l i c a t e  c o a l e d  g l a s s
r o d s ;
l :  n o t  a n n e a l e d  u n c o a t e d  g l a s s  r o d s ,  O o  =
1 6 5 9 M P a , m - 4 . 1
O :  o n e - s t e p  c o a t i n g ,  d  =  0 . 4  p m ,  t h e r m a l
t r e a t m e n t  ä ,  O s  =  2 9 1 . 1  M P a ,  m  =  9 . 1
a :  3  x  c o a t i n g ,  d  =  1 . 5  1 r m ,  t h e r n t a l  t r e a l m e n t
d ,  f i n a l  c o a t i n g  -  t h e r m a l  l r e a l r n e n t  d . ö s =
3 2 7 6 M P a . m = 5 . 1
O :  6 o x  c o a t i n g ,  d  =  2 . 3  1 l m ,  t h e r m a l  t r e a t -
m e n t  d ,  l i n a l  c o a l i n g  -  t h e r m a l  t r e a t n r e n l
a , O o  =  3 7  4 . 4  l r 4 P a ,  m  =  6 . 1
o  B o x  c o a t i n q ,  c J  =  4  U r n ,  l h e r m a l  l r e a l m e r t t
d ,  f r n a l  c o a t i n q  -  l h e r n r a l  t r e a t m e n t  o , O s  =
3 9 3 . 7 M P a . m = 5 . 1
A :  l 1 o  x  c o a t i n g ,  d  =  5 . 7  ; l m ,  l h e r m a l  t r e a t -
n r e n l  d ,  f i n a l  c o a l i n g  -  l h e r n r a l  l r e a t n r e n l
a ,  O o  =  4 6 5  5  M [ : ' a ,  n r  =  7  . 1  .
3.  2 .  Decora t ive  Coat ings
Th in  non - fu l l y  dens i f i ed  coa t i ngs
rance,  i f  t l re re  a re  no  c racks  and i f
nm) .  Coat ings  o f  th is  type  can be
exh ib i t  good mechan ica l  p roper t ies .
gan i c  dyes  i n to  ge l s  (23 )  and  one
1 4 0
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F i g u r e  9  -  S t r e n g t h  d i s t r i b u l i o n  o f  s o d i u m
s i l i c a t e  c o a t e d  g l a s s  r o c l s ;
l :  u n c o a t e d  g l a s s  r o d s ,  t h e r m a l  l r e a l m e n l
3 , O s  =  l 9 O . B  M P a ,  r n  =  7 . 1
O :  7 5  S i O , / 2 5 N a r O ,  c o a l i n g  t h i c k n e s s  O . 3 5
1 r m ,  t h e r n r a l  t r e a l n r e r t t  a , O o  =  3 0 8 . 3  M P a ,
m = 6 . 1
^ :  B O  S i O r / 2 O N a r O ,  c o a t i n g  l t r i c k n e s s  O . 3 5
1 r m ,  l h e r m a l  l r e a l n r e n l  a , O o  =  3 0 8 . 3  M P a ,
r n  =  6 . 1
f l :  B 5  S i O z / 1 5 N a r O ,  c o a t i n g  l h i c k n e s s  0 . 3 5
p r n ,  t h e r m a l  l r e a l r r t e n t  z , O s  =  3 1  5 . 2  M P a ,
n l = 8 . 1
o :  9 0  S i O 2 / 1 O N a r O .  c o a t i n q  l l r i c k n e s s  0 . 3 5
p m ,  t h e r n t a l  t r e a l r n e r t t  a ,  O o  -  3 3 1  . 0  M P a ,
m  =  8 . 1 .
can have good op t ica l  appea-
the  po re  s i ze  i s  sma l l  ( <  ' l  00
ob ta ined  a t  T
I t  i s  poss ib le  to  in t roduce or -
can rece ive  in tens ive  co loLr rs
wi th  ge l  coa t i ngs  o f  on l y  0 .2  t o  0 .5  um th i ckness .  As  coa t i ng  ma-
te r ia l i  S iOr ,  N3 2C. /82O3lS iO2,  H 20 /T iO2 lS iO2 and T iO2/S iO2 sy-
s tems were  usbO,  a lcoho l  so lub le  dyes  were  added and the
coat ings  c l r ied  a t  2S0 to  300 'C (accord ing  to  t l re  thermal  s tab i l i t y
o f  the  iy "s ) .  The hydro ly t i c  s tab i l i t y  was  tes ted  in  bo i l ing  water ,
ho t  NaOH (5  o /o )  and a  mix t r r re  o f  bo i l ing  CH3COOH/C2H50H'  The
bes t  r esu l t s  we re  ob ta ined  fr om T iO2 /S iO  z  =  10 :90  (mo la r  r a t i o ) .
F igure  10  shows the  absorbance o f  ORASOL@ b lue  be fore  and a f -
t e r  t r e a t m e n t .
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F i g u r e  1 O a  -  O H A S O L  B L U E  C N  S i O r : T i O t
=  9 O : 1 0  s Y s t e n r  b e f o r e  a r t d  a f  -
l e r  l ' l r O  l e a c h i r r g .
X  l n m l
F i su re  1Ob  -  ORASOL BLUE CN S iO t :T iO ,
=  90 :10  sYs lem be lo re  and  a l -
l e r  e thano l / ace t i c  ac id  l ea -
c l t i ng .
Tl r i s  shows a  conven ien t  poss ib i l i t y  fo r  p repar ing  in tens ive ly
co loured g lass  sur faces .  The pr inc ip le ,  o f  cor l rse ,  can  be  ex ten-
decJ  to  o i l re r  o rgan ics  l i ke  ac ids ,  bases ,  complexes ,  po lymers ,  and
sens i t i ve .o tpärnc is .  A  la rge  var ie ty  o f  coa t ings  can be  preparec l ,
not  mucl t  has been c leveloped up to nov/ '
3 .3 .  Organ ica l l y  Mod i f ied  Coat ings
The in t roc iuc t ion  o f o rgan ics  a l lows to  syn thes ize  coat ings  w i th
spec ia l  func t ions .  Pro tec t ive  coat ings  fo r  mec l ieva l  g lasses  have
1 4 1
been deve loped (24 \  wh ich  are  based on  a  so l -ge l  syn thes is  from
S i (OR)0 ,  CuHu ,  S i (OH)2  and  CH.  (CH=CHr )  S i (OR)2 ,  ä i l d  ( op t i ona l )
T i (OR)o  as  P recu rso r  6 ) .
+ l l  ?o
S i  ( o R ) 4  +  ( c e  H S l z S i  ( o t l ) 2 s i  ( o l t ) 2  +  c t t ,  ( C I I = C I I )  2 ) s t  ( o R )  Z  ; ;
. ,
!  r " r  i " ,  ?
s i  o  s i  o  s i
i u , , r v  ö ;  i  
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J',\ |
l \
f  t r r t h e r  c r o s s  I  i n k  i n q
This  sys tem (25)  shows an  exce l len t  ad l res ion  on  g lass  sL t r faces
and  w i t h  m ica  o r  g l ass  f l akes  ( f i gu re  11 )  a  pe r fec t  co r ros ion  p ro -
t ec t i on  on  sens i t i ve  g l asses .
p r g m r n l
p t o t e l r l s
F i g u r e  ' t  I  -  S c h e m e  o f  l h e  s f r u c t u r e  o f  a n  O n M O C E n  p r o t e c t i v e  c o a t i n g  w i l h  d i f f u s i o n  b a r r i e r s ;
t h e  t h r c k  l i n e  s t r o w s  l l r e  d i f  f  u s i o n  p a l l t  e x p a n s i o n
The  sys tem can  be  cu red  by  v iny l  po l ymer i sa t i on .  T l re  fL r l l  p ro -
t e c t i o n  s y s t e m  i s  s h o w n  i n  f i g u r e  1 2 .
I t , ' i : r l
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F i g u r e  1 2  -  C o m p a c t  p r o t e c t i v e  s y s t e m  ( t w o  l a y e r s ) .
pro tec t ive  coat ings  can arso  be  based on  var ia t ions  o f  the
above sys tem:  S i  can  be  par t ia l l y  subs t i tu ted  by  A l '  Thus '  hard
pro tec t ive  coat ings  can be  syn thes ized,  wh ich  are  hard  (25 \ ,  t ran-
!p " ren t  ( op t i ca l  qua l i t y )  and  can  be  used  f o r  p ro tec t i on  o f  g l asses
(mechan i ca l  nd  chemica l ) .  A  s im i l a r  sys tem has  been  deve loped
io r  t he  p ro tec t i on  o f  p l as t i c  eye  g lass  l enses  (CR 39 )  ( 25 )
.Func t i ona r  coa t i ngs  have  been  p repa red  f o r  t he  i nne r  s i de  o f
g l ass  t ubes .  These  coa t i ngs  a re  syn thes i zed  f r om two  o r  t h ree
c o m p o n e n t s  s i ( o R ) 4 ,  ( c H r ) ,  s i ( o R ) ? , u n d  R ' s i ( o R ) . . R ' i s  a n  o r -
gano func t i ona l  g roup  as  ä lä .hyde ,  hyd roxy ,  am ino ,  an i l i no ,  and
o the rs  (26 ) .  The ie  coa t i ngs  wh i ch  show the  chemica l  f unc t i ons  o f
t he  g roup ings  on  t he  su r face  have  a  good  adhes ion  t o  g l asses
and  can  be  used  f o r  immob i l i za t i on  f  enzymes  o r  o the r  b i o l og i ca l
ma te r i a l s .  Thus ,  a  rad io immunoassay  has  been  deve loped  ( f i gu re
1 3 )  ( 2 6 )
The  i nco rpo ra t i on  o f  spec ia l  f L rnc t i ons  was  usec j  f o r  t l r e  cJeve lo -
p m e n t  o f  a  S O ,  s e n s o r  o n  s i o z  9 l a s s .  T h e  g l a s s  s u b s t r a t e  i s  c o -
ve red  w i t h  an  i n te rd ig i t a ted  cäpäc i t o r  s t r uc tu re  a  nd  t he  so l -ge l
coa t i ng  con ta ins  reve rs i b re  so ,  accep to r  l i gands  (27 )  ( see  f i g t t r e
1 4 )
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F i g u r e  1 4  -  D e t e c t i o n  o f  S O ,  a n d  p r i n c i p l e  o f  a  i n l e r d i g i l a t e d  c a p a c i l o r
c o a t i n q .
w i l h  a n  O ß M O C E R
Accord ing  to  the  SO,  concent ra t ion  change,  t l re  sensor  shows
a  change  o f  capac i t y .  Coa t i ngs  l i l <e  t hese  seem to  be  use fu l  on  i n -
tegra ted  op t ic  o r  f  iber  op t ic  sensor ,  too .
4 .  CONCLUSION AND OUTLOOK
Sbl -ge l  techn iques  fo r  coa t ingn coat ings  <  1  Hm can be  ap-
p l ied  very  eas i l y  on to  g lass  sur faces  s ince  an  un id i rec t iona l  shr in -
kage occL l rs .  The poss ib i l i t y  o f  es tab l i sh ing  an  appropr ia te  r t teo lo -
gy  fo r  the  coat ing  and the  poss ib i l i t y  o f  p repar ing  homogeneous
mul t i component  sys tems w i th  exac t  s to ich iomet r ics  a re  the  main
advantages .  The so l -ge l  p rocess  a l lows the  prepara t ion  o f  d i f fe -
ren t  types  o f  mater ia ls  as  f i lms :
-  g l asses
-  ceramic  mater ia ls
-  ORMOCERS.
1 4 4
c y c l e s
2 m r n
For g lasses coat ings can have very d i f ferent  funct ions l ike
improv ing  o f  mechan icä l  p roper t ies  (s t rength ,  abras ion) .  There fo-
re , ' so l -gL t  coa t ings  can be  used ( f law hea l ing ,  compress ive
s t iess)  * i t t r  remarkab le  resu l ts .  The po ten t ia l  i s  s t i l l  no t  exp lo i ted ,
" rpu . iu l l y  w i th  respec t  to  o ther  coat ing  techn iques  (spray ,  cur -
ta in ,  powder ,  e lec t ros ta t i c ,  aeroso l ,  and o thers )  and dens i fy ing  te -
chn iq r " ,  ( e .g .  lR  rad ia t i on ,  LASER e t c . ) .  Espec ia l l y  dens i f i ca t i on
techn iques  * t , , i c t r  inc lude cont ro l led  heat  t rans fer  to  the  g lass
sur face  (wh ich  is  poss ib le  by  rap id  laser  i r rad ia t ion)  can be  used
for  h igh Tg coat ings (SiO2,  SiO 2/  Al rO. ,  SiO 2/TiOt) '
In  our  own e*per i ren ts ,  laser  dens i f i ca t ion  o f  T io2 /s ioz  änd
NarO/82O3/S iO2 coat ings  on  g lass  sur faces  (p la te  g lass)  a f te r
op t im i .u t ion  re r r l ted  in  op t ica l  t ransparent  sur face  layers  wh ich
increase s t renght  in  the  ranges  ind ica ted  in  chapter  3 ,  too '  sur fa -
ce  tempera turä  cont ro r  nv  ä  sur face  pyromet r ic  dev ice  is  ind i -
Spensab le .  Thus ,  depend ing  on  t l re  sur face  tempera ture '  sur face
crys ta l l i za t ion  cou ld  be  achLved,  too .  These are  resu l ts  o f  p re l im i -
nary  inves t iga t ion  so  fa r .
The f ie ld  o f  so l -ge l  app l i ca t ion  fo r  op t ica l  coa t ings  is  very  w ide
(e .g .  an t i re f lec t i ve  coat ings ,  an t i laser  damage coat ings '  co lourec l
coa t i ngs ) .  I n te res t i ng  i s  t t r e  f  i e l d  o f  coa t i ngs  w i t h  spec ia l  f  un -
c t ions .  As  ind ica ted  in  on ly  a  few examples ,  t t re re  i s  a  t remendous
poten t ia l  fo r  so l -ge l  der ived  coat ing  spec ia l i t ies ,  e .g .  i r t corpora t ion
of  o rgan ic  me lecu les ,  ions ,  complexes  and o thers ,  wh ic l r  add pro-
per t iäs  to  g rass  sur faces  no t  abre  to  be  ach ieved by  o ther  tec t rn i -
ques  (op t ica l ,  sens i t i ve ,  coup l ing ,  e lec t r i ca l ,  and o ther  p roper t ies ) '
There fore ,  the  so l -ge l  p rocess  is  a  un iqure  too l  wh ich  can he lp  to
c ieve lop  new , ' h i gh -1ech "  app l i ca t i ons  f o r  t he  
"o l d "  ma te r i a l  g l ass '
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